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Identification of a Protein That Interacts
with Tubulin Dimers and Increases
the Catastrophe Rate of Microtubules
Lisa D. Belmont and Timothy J. Mitchison showed that addition of okadaic acid to interphase ex-
tracts, to mimic mitotic phosphorylation states, causesDepartments of Biochemistry and Biophysics
and Cellular and Molecular Pharmacology mainly a decrease in the rescue rate (Gliksman et al.,
1992). Computer simulations of MT dynamics suggestUniversity of California, San Francisco
San Francisco, California 94143-0448 that modulating either the catastrophe rate, the rescue
rate, or both could account for the observed in vivo
differences between interphase and mitotic MTs (Gliks-
man et al., 1993). Microtubule dynamics are also thought
Summary to be regulated under other circumstances. For exam-
ple, when neurons (and probably other cells) differenti-
Using a polymerization inhibition assay, we have puri- ate, some of their microtubules are stabilized (Hirokawa,
fied a small, heat stable protein that physically inter- 1994). Similarly, microtubule dynamics in some cells are
acts with tubulin dimers and increases the catastrophe probably modulated in response toexternal signalssuch
rate of microtubules. Sequence analysis identified this as chemotactic factors or substratum-attached cues.
protein as oncoprotein 18 (Op18)/stathmin, a con- Thus, it seems likely that all cells contain factors that
served phosphoprotein that is highly expressed in can regulate both catastrophe and rescue rates, but in
leukemia cells. Immunodepletion experiments in Xe- general, the identity of such factors is unknown.
nopus egg extracts showed that Op18/stathmin is The best characterized cellular factors that regulate
involved in physiological regulation of mitotic microtu- MT dynamics are microtubule-associated proteins
bule dynamics. Op18/stathmin is a microtubule regula- (MAPs), which stabilize MTs, mainly by suppressing ca-
tor that preferentially interacts with unpolymerized tastrophes and increasing rescues (reviewed by Cas-
subunits. It is a candidate for increasing the microtu- simeris, 1993; Hirokawa, 1994). Two prominent MAPs
bule catastrophe rate in mitosis and might also regu- found in dividing cells, MAP4 and XMAP230, are phos-
late microtubule dynamics in response to external phorylated in mitosis, and this phosphorylation lowers
signals. the MT-stabilizing activity of these MAPs (Vandre et al.,
1991; Andersen et al., 1994; Ookata et al., 1995). These
studies suggest that MAP phosphorylation during mito-Introduction
sis may regulate MT dynamics by inactivating the stabi-
lizing influenceof MAPs. However, MAPs alone probablyMicrotubules (MTs) are essential for a number of cellular
do not account for the regulation of MT dynamics duringprocesses, including intracellular transport, mainte-
the cell cycle. The catastrophe rate observed in cellularnance of cell shape, cell polarity, and mitosis. MTs in-
extracts and in cells is much higher than that observedterconvert between phases of slow growth or rapid
in vitro with pure tubulin (Belmont et al., 1990; Simonshrinkage, with abrupt transitions between the two
et al., 1992). This suggests the existence of additionalphases (Mitchison and Kirschner, 1984). Growth and
regulators of MT dynamics that actively increase theshrinkage are due to association or dissociation of tu-
catastrophe rate. In this study, we set out to directlybulin subunits from the ends of MTs, respectively. Tran-
identify such catastrophe factors.sitions from growing to shrinking are called catastro-
phes, and transitions from shrinking to growing are
called rescues. This behavior, termed dynamic instabil- Results
ity, has been observed with pure tubulin, in cellular ex-
tracts, and in vivo in many cell types (reviewed by Cas- Purification of a Microtubule-Destabilizing Activity
As a first step toward purifying catastrophe factors, wesimeris, 1993). Proper control of MT dynamics is
essential for many MT-dependent processes, including designed a rapid assay to identify any factors that desta-
bilize MTs. This assay did not distinguish factors thatmitotic spindle assembly and function. Spindle MTs are
very dynamic (reviewed by Inoue and Salmon, 1995), and destabilize MTs by increasing the catastrophe rate from
those that destabilize MTs by increasing the depolymeri-drugs that alter or inhibit MT dynamics disrupt spindle
assembly and function (reviewed by Wilson and Jordan, zation rate or inhibiting assembly. Therefore, at various
stages of purification, we characterized fractions further1995).
MT dynamics are regulated during the cell cycle. by observing their effect on MT dynamics using video-
enhanced differential interference contrast microscopyPhotobleaching studies demonstrated that MTs in in-
terphase cells have longer half-lives than MTs in mitotic to test whether the fractions of interest did indeed in-
crease the catastrophe rate.cells (Salmon et al., 1984; Saxton et al., 1984). Our previ-
ous analysis of individual MTs in interphase or mitotic We chose calf thymus as a tissue source because it
contains many dividing cells and provides a largeXenopus extracts showed that the primary difference
between these two cell cycle states is an increase in the amount of starting material. For the rapid assay, we
added fractions from a cellular extract prepared fromcatastrophe rate of mitotic MTs (Belmont et al., 1990),
though rescue may also be affected, depending on calf thymus to tubulin (mixed 4:1 with rhodamine-labeled
tubulin), GTP, and axonemes, to nucleate MT assembly,which cyclin is associated with the cdc2 kinase (Verde
et al., 1992). Analysis in extracts of sea urchin eggs and incubated at 378C. Aliquots were taken after 15 min
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Figure 2. Purification of the MT-Destabilizing Activity
A 15% SDS±polyacrylamide gel stained with Coomassie blue of
HSS (lane a), boiled HSS (lane b), MeOH precipitate (lane c), first
C18 peak (lane d), and second C18 peak (lane e). Lane e is the 23
C18 fraction used for characterization of activity.
Figure 1. Rapid Microtubule Inhibition Assay
(A) Rhodamine-tubulin assembly assay with a buffer control.
(B) Rhodamine-tubulin assembly with a partially purified active frac- This step caused an apparent loss of specific activity,
tion at 4 U/ml, a concentration sufficient to block polymerization but it tripled the amount of extract that we could resolve
completely. The images were recorded and printed under the same
on the C18 column, presumably due to removal of meth-conditions using a confocal microscope. Note the background fluo-
anol-soluble compounds. Peaks from multiple C18 col-rescence is higher when the rhodamine-tubulin is not polymerized.
umns were then pooled, reloaded onto the C18 column,The scale bar is 10 mM.
and eluted with a shallow gradient of acetonitrile with
0.12% TFA. The activity consistently eluted at 32.5%
acetonitrile. When analyzed by 15% SDS±polyacry-and 20 min and placed on a slide for observation with
fluorescence microscopy. A high speed supernatant lamide gel electrophoresis (SDS±PAGE), this fraction
contained one major protein migrating at 17±18 kDa and(HSS) of the calf thymus extracts inhibited MT assembly
in this assay, and similar results were obtained in prelimi- between 0 and 8 minor bands by Coomassie blue and
silver staining. The major band in these preparationsnary fractionation of Xenopus egg extracts. Figure 1
shows MT assembly in a buffer control compared with was determined by mass spectrometry to have a true
molecular weight of 17,220 daltons (SD 5 1.65), and wea partially purified active fraction. We determined that
at least one destabilizing activity is present after incuba- will refer to it as the 17 kDa protein below. All fractions
that had been purified in this manner were pooled andtion of the HSS at 1008C for 15 min, a typical purification
step for small polypeptides. This proved to be an excel- used for subsequent characterization. This fraction will
be referred to in the text as the 23 C18 fraction.lent purification step (Table 1). The largest difference in
MT lengths between the boiled HSS and buffer was To determine whether a protein was responsible for
the microtubule-destabilizing activity, we used a-lyticobserved at a pH of 7.5 in PIPES buffer, with a MgCl2
concentration of 5 mM. Subsequently, all assays were protease to digest the proteins in the 23 C18 fraction.
Activity was completely lost after incubation with thecarried out in AB (80 mM K PIPES [pH 7.5], 5 mM MgCl2,
1 mM EGTA). protease and subsequent inhibition of protease activity.
This inactivation of destabilizing activity was a resultExtracts of calf thymus were subjected to the fraction-
ation steps shown in Table 1. An SDS±polyacrylamide of proteolysis, since the fraction was fully active after
incubation with protease that had been preincubatedgel of the active fractions through the first four purifica-
tion steps is shown in Figure 2. Treating the boiled HSS with its inhibitor.
One additional purification step was necessary to de-with trifluoroacetic acid (TFA) and acetonitrile resulted
in no loss of activity. Therefore, we were able to use termine which polypeptidewas responsible for the activ-
ity. Figure 3A shows a gel of the fractions around whichreverse-phase C18 chromatography to purify theactivity
further. Prior to loading the boiled HSS onto the C18 the activity elutes from a C18 column. The active frac-
tions were pooled and fractionated on a sizing column.column, we precipitated the activity with 80% methanol.
Table 1. Purification Table
Fraction Activity (units) Protein (mg) Purification (fold) Yield (%)
HSS 1.1 3 105 1320 1 100
Boiled HSS 6.8 3 104 63 13 61
MeOH ppt. 1.8 3 104 63 3.5 16
C18 peak 2.6 3 103 0.2 156 2.4
Sizing peak 4.0 3 102 0.012 400 0.4
The starting material was 50 ml of HSS of fetal calf thymus. A unit of activity per microliter is defined as the fold dilution at which more than
50% inhibition of MT assembly is still observed in the rhodamine-tubulin assembly assay.
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Figure 3. The Peak of Activity Coincides with
the Peak of the 17 kDa Protein
(A) The fractions around the peak of activity
from the C18 column were analyzed by SDS±
PAGE. The fractions marked with plus orplus/
minus had MT-destabilizing activity and were
pooled and run over a sizing column.
(B) Fractions collected from the sizing col-
umn. Fraction 3 had measurable MT-destabi-
lizing activity (1 U/ml), and fractions 2, 4, and
5 had activity after concentration. No other
fractions had MT-destabilizing activity.
(C) We scanned the gel in (B) and measured
the band intensity of the four visible bands.
The dotted line shows the relative activity in
each fraction, and the relative intensity of the
four bands are shown with solid lines: 40 kDa,
closed triangles; 17 kDa, closed diamonds;
16 kDa, open squares; 12.6 kDa, closed cir-
cles. The 17 kDa band is the only protein
whose band intensity has the same profile as
the activity profile.
The peak of activity coeluted with the peak of the 17 kDa concentration was approximately 0.8 U/ml in 15±20 mM
tubulin in the presence of axonemes. MT dynamics wereprotein as determined by densitometry of Coomassie
blue±stained gel bands (Figures3B and 3C). Subsequent recorded in the presence of the activity at 35.58C. The
data, shown in Table 2, reveal that incubation with thissilver staining of the gel revealed no other proteins with
an intensity peak that coincided with the activity peak. concentration of active fraction results in a slight de-
crease in the growth rate and a 5- to 10-fold increaseThe 17 kDa protein eluted from the sizing column in the
same position as the 45 kDa globular protein ovalbumin in the catastrophe rate. We detected no consistent
change in the depolymerization rate with the active frac-(Stokes radius 5 30 AÊ ), indicating it is asymmetric or
oligomerized. tion, though our sample was too small for good statis-
tics. We did not observe enough rescue events toassessThe most purified preparation of destabilizing activity,
from the sizing column peak, was used to estimate the any effect on rescue rate.
Using an estimate of 0.03 mg of protein per unit activitymolar ratio of the 17 kDa protein to tubulin in our poly-
merization inhibition assay. The protein concentration (from the sizing column fraction), we estimate the molar
ratio of the 17 kDa protein to tubulin dimers in thesein this fraction was approximately 0.03 mg/ml, measured
by OD220. If we make theassumption that all of the protein assays to be 1:14 in 20 mM tubulin and 1:11 in 15 mM
tubulin. Addition of twice as much active fraction to 20in the fraction is in the17 kDa band, we calculate that the
concentration of this protein in our rhodamine-tubulin mM tubulin inhibits nearly all MT assembly. These molar
ratios are larger than those observed to cause similarassays is 1.2 mM under conditions that inhibit approxi-
mately half of the MT assembly (1 U/ml). The concentra- effects in our rhodamine-tubulin assay, probably be-
cause rhodamine-tubulin itself promotes catastrophestion of tubulin dimer is 32 mM, giving a molar ratio of
one molecule of the 17 kDa protein for every 27 tubulin (Belmont et al., 1990).
dimers for half-maximal activity. Given the uncertainty
in measuring the concentration of small amounts of pro- The 17 kDa Protein Physically Interacts
with Tubulin Dimerstein, this value is an estimate, but polymerization inhibi-
tion clearly occurred at low molar ratios of the 17 kDa We had previously found no depletion of the MT-desta-
bilizing activity when we depleted Xenopus extracts ofprotein to tubulin.
MTs and MAPs (data not shown). Since the destabilizing
activity did not seem to have a high affinity for MTs, weThe Destabilizing Factor Promotes
Microtubule Catastrophes tested its ability to bind unpolymerized tubulin dimers.
We mixed approximately equimolar amounts of tubulinWe used the 23 C18 fraction for functional characteriza-
tion by video microscopy. We measured MT assembly and the 23 C18 fraction and analyzed the mixture by
gel filtration chromatography. When these proteins wereat various concentrations of the active fraction with tu-
bulin, GTP, and axonemes until we found a concentra- run separately on this column, tubulin eluted at 14.5 min
(fractions 1±3), and the 17 kDa protein eluted at 16.5tion that allowed enough MT assembly to measure dy-
namics, but still had a clear inhibitory effect. This min (fractions 7±8). However, when these proteins were
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Table 2. Effects on Dynamic Parameters of Microtubules
Growth Rate (mm/s) Catastrophe Rate (/s 3 104)
Tubulin (mM) Plus Buffer Plus 2 3 C18 Plus Buffer Plus 2 3 C18
15 0.022 6 0.005 0.013 6 0.005 8.4 66.0
18 0.029 6 0.013 0.020 6 0.010 4.6 47.0
20 0.035 6 0.017 0.021 6 0.007 5.6 26.0
The 23 C18 fraction (8 U/ml) was diluted 10-fold into the given concentrations of tubulin and mixed with 2 mM GTP and sea urchin axonemes.
This mixture was flowed into a chamber, warmed to 35.58 C, observed with video-enhanced DIC microscopy and recorded for 10 min to 15
min. MT dynamic parameters wre calculated for 9 to 20 MTs for each conditon, for a total observation time of approximately 2400s per
condition. The plus/minus indicates the standard deviation.
mixed, the 17 kDaprotein eluted with tubulin, suggesting shows that the 17 kDa protein remains with the unpoly-
merized fraction of the tubulin when the 23 C18 fractionthat the two proteins physically interact (see Figure 4A).
In some runs, the earliest tubulin-containing fractions is added to taxol-stabilized MTs and sedimented. Lane
a shows that the majority of the 17 kDa protein is inhad a higher tubulin/17 kDa protein ratio than the later
ones, which could mean that the complex migrates the supernatant with the unpolymerized tubulin, and the
amount in the pellet is equivalent to the amount thatslightly slower than pure tubulin or that it partially disso-
ciates during chromatography. When gel filtration was pellets in the absence of MTs (lane c). When the 23 C18
fraction is added prior to taxol addition, it inhibits theperformed on total heat-soluble thymus HSS proteins,
only the 17 kDa protein showed faster elution in the polymerization of MTs by taxol (compare the tubulin in
the pellet in lanes b and d).presence of tubulin, indicating specificity of the interac-
tion. The finding that the 17 kDa protein physically inter-
acts with tubulin further argues that it is the protein
Identification of the 17 kDa Proteinresponsible for the observed effects on MT dynamics.
as Oncoprotein 18/StathminWe next tested the ability of the protein to bind taxol-
We used the 23 C18 peak fraction to obtain peptidestabilized MTs under the same conditions. Figure 4B
sequence from the 17 kDa protein. In this preparation,
the 17 kDa band was the only band visible on a silver-
stained SDS gel. The protein was blotted onto a polyvi-
nylidene difluoride (PVDF) membrane for protein se-
quencing, and we obtained sequence from two separate
peptides. These sequences, HEAEVLK and IEENNNFSK,
both showed 100% identity to a previously identified
phosphoprotein named oncoprotein 18 (Op18), p19,
prosolin, leukemia-associated protein 18 (lap18), or
stathmin (Braverman et al., 1986; Schubart et al., 1987;
Hanash et al., 1988; Sobel et al., 1989). The predicted
molecular weight of the human protein is 17,172 Da
(Curmi et al., 1994) compared with our measured molec-
ular weight of 17,220 for the bovine protein. The Stokes
radius of bovine Op18/stathmin determined by gel filtra-
tion is 33 AÊ (Schubart et al., 1987), consistent with our
gel filtration data. We concluded that the 17 kDa protein
is bovine Op18/stathmin.
Role of Op18/Stathmin in Xenopus ExtractsFigure 4. The 17 kDa Protein Physically Interacts with Tubulin
To determine whether Op18/stathmin is a physiologicalDimers
regulator of microtubule dynamics, we pursued an im-(A) Purified tubulin in the absence of GTPwas mixed with an equimo-
lar amount of the 23 C18 fraction, incubated at 378C for 10 min, munodepletion approach in Xenopus egg extracts, fol-
and fractionated on a sizing column. The 17 kDa band normally lowing the procedures of Walczak et al. (1996). An affin-
elutes in fractions 7 and 8, but elutes entirely with the tubulin when ity-purified peptide antibody to Op18/stathmin was
they are mixed. The tubulin elution time is not changed. prepared and used to immunoprecipitate proteins from
(B) The 23 C18 fraction was mixed with taxol MTs and incubated
a Xenopus egg extract. A triplet of peptides in the rangeat 378C for 10 min, and the MTs were sedimented through a glycerol
of 17±23 kDa was specifically bound to the antibody.cushion to separate MTs from unpolymerized. S designates the
supernatant and P designates the pellet. 23 C18 fraction was added The fastest migrating of these bands comigrated with
after stabilization of MTs with taxol (lane a); 23 C18 fraction was ourpurified bovine Op18/stathmin (Figure 5a, lanes 1±3).
added prior to taxol addition (lane b); 23 C18 fraction with taxol Op18/stathmin is conserved between mammal and Xe-
(lane c); tubulin with taxol (lane d). The 17 kDa protein is almost nopus, and the Xenopus form has been reported to run
entirely in the supernatant, and only a small amount pellets with the
as multiple bands on SDS±polyacrylamide gels (Mau-MTs, about the same amount that pellets in the absence of MTs
cuer et al., 1993). When Xenopus extract was probed(lane c). When the 23 C18 fraction is added prior to the taxol, it
inhibits the stabilization of MTs by taxol. with the same antibody on an immunoblot, the same
A Regulator of MT Catastrophes
627
Kirschner, 1987). Op18/stathmin thus represents ap-
proximately 0.1% of the protein in the extract.
The antibody was used to immunodeplete mitotic ex-
tract of Op18/stathmin (frozen CSF extract [Murray,
1991]). Comparing immunoblots of extract depleted with
control immunoglobulin G (IgG) (Figure 5a, lane 4) and
with anti-Op18/stathmin (lane 5), the amount of Op18/
stathmin in the extract was reduced considerably by
this treatment. By running dilutions of extract on the
same blot, we estimate than 90%±95% of the Op18/
stathmin was removed. The bands recognized by the
antibody at 50 and 55 kDa were also reduced, but to a
lesser extent. The level of H1 kinase activity in extracts
was unaffected by Op18/stathmin immunodepletion or
readdition and showed the same high levels as un-
treated CSF extracts (data not shown).
To assay the effect of Op18/stathmin depletion on
microtubule dynamics, we added rhodamine-tubulin
and sperm nuclei, incubated for 20 min to allow mitotic
asters to form, and then sedimented the asters onto
coverslips for quantitation. The amount of polymerized
Figure 5. Op18/Stathmin Immunodepletion from Mitotic Extracts
tubulin per aster was quantitated by rhodamine fluores-
(a) Antibody characterization using 15% SDS±PAGE analysis. Lane cence using a cooled CCD camera and normalized to
1, purified bovine Op18/stathmin (z0.5 mg); lane 2, immunoprecipi-
the fluorescence of asters in extract subjected to controltate from Xenopus egg extract with antibody to Op18/stathmin; lane
immunodepletion using nonimmune IgG. Only asters3, immunoprecipitate from Xenopus egg extract with control IgG.
Note that in lane 2 a triplet is specifically immunoprecipitated, the arising from the centrosomes of single sperm nuclei, as
lowest band of which comigrates with the purified bovine Op18/ visualized by DNA staining, were quantitated. Figure 5b
stathmin. Lanes 4±7 are an immunoblot stained with anti-Op18/ shows the results of a typical immunodepletion experi-
stathmin at 1 mg/ml followed by development with alkaline phospha-
ment. Averaging the results of five experiments withtase-conjugated goat anti-rabbit IgG. Lane 4, purified bovine Op18/
three different preparations of mitotic extract, depletionstathmin (z25 ng); lane 5, Xenopus egg mitoticextract after immuno-
of 90%±95% of the Op18/stathmin caused an increasedepletion with control IgG (untreated extract was identical); lane
6, extract after immunodepletion with anti-Op18/stathmin; lane 7, in polymerized tubulin/aster of 6.5-fold (range 3.4- to
extract immunodepleted as in lane 6 and then supplemeted with 9.8-fold). When purified bovine Op18/stathmin (23 C18
purified bovine Op18/stathmin. fraction) was added back to the depleted extract, the
(b) Quantitation of polymerized tubulin per mitotic aster. Xenopus aster size was reduced to near the control level (Figures
sperm and rhodamine-tubulin were added to extract depleted with
5b±5d). The amount of protein added back in this experi-control or immune IgG as indicated. After 20 min at 238C, the asters
ment brought the extract concentration close to thatwere sedimented onto coverslips and mounted according to Walc-
zak et al. (1996). Polymerized tubulin was quantitated by fluores- present in control extracts, as judged by immunoblots
cence measurement. The values are normalized to the control IgG (Figure 5a, lane 7).Note that in the add-back experiment,
value for each experiment. We measured 20±40 asters per sample, only the lower Op18/stathmin band increases in inten-
and the error bars show the standard deviation. Op18D and KCMD
sity. This add-back control suggests that depletion ofrefer to immunodepletion of Op18/stathmin and XKCM1, respec-
Op18/stathmin, rather than the 50 kDa band, was re-tively. For the add-back experiment (first three bars), the treated
sponsible for the increase in polymerized tubulin.extracts were supplemented with 1/10 vol of either assay buffer or
purified bovine Op18/stathmin (23 C18 fraction). Gel lanes 5±7 in Op18/stathmin is the second factor identified in mi-
(a) correspond to the extract samples used in this experiment. totic Xenopus extracts that acts as a negative regulator
(c±e) Examples of the asters used for quantitation, printed to retain of polymerization, the first being the kinesin XKCM1
quantitative fluorescence information. Four representative images (Walczak et al., 1996). We compared single and double
were combined digitally to make each panel. Scale bar, 25 mm.
depletion of these two factors in the same experiment,Control immunoglobulin depletion (c), Op18/stathmin depletion (d),
using the CCD fluorescence quantitation assay (Figureadd-back of bovine Op18/stathmin to depleted extract (e). (c)±(e)
correspond to gel lanes 5±7 in (a) and the first three bars in (b). 5b). Immunoblotting showed that the two regulators
were immunodepleted independently (data not shown).
In this experiment, XKCM1 appeared to bea more potent
triplet was recognized strongly. In addition, polypep- negative regulator of polymerization, though the com-
tides of 50 and 55 kDa were recognized more weakly parison is complicated by incompletedepletion of Op18/
(Figure 5a, lane 4). Quantitating immunoprecipitated stathmin. The effects of the two components were addi-
protein using densitometry and taking the fraction left tive in the double depletion.
in the supernatant into account, we estimated that the
concentration of Op18/stathmin in Xenopus egg extract
(summing all three bands of the triplet) is approximately Discussion
110 mg/ml, or 6 mM. These extracts have a similar protein
concentration to cytoplasm (70±100 mg/ml in crude ex- In this study, we purified a small heat stable protein on
the basis of its ability to inhibit tubulin polymerization.tract or 40±50 mg/ml in HSS), and their tubulin dimer
concentration is approximately 20 mM (Gard and Sequence analysis identified it as Op18/stathmin. The
Cell
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loss of activity during purification suggests that there important microtubule regulator, but this remains to be
tested. The molar ratio of Op18/stathmin to tubulin inmay be otherMT destabilizers in cells, including perhaps
other heat stable factors. Walczak et al. (1996) identified Xenopus extracts is relatively high (z1:4). At this ratio,
Op18/stathmin completely blocked polymerization ofa kinesin-related protein, XKCM1, that increases the
catastrophe rate of MTs. Both proteins promote the pure tubulin, so we suspect the interaction is regulated
in extracts. The increased catastrophe rate observed incatastrophe rate of dynamic instability; though given
their different structures and concentrations in Xenopus mitosis compared to interphase might be accounted
for solely by phosphorylation of MAPs relieving theirextracts, their mechanisms are probably distinct. Their
effect is the opposite of MAPs, which mainly promote stabilizing effect, while the catastrophe factors remain
at constant activity. However, it seems more likely thatthe rescue rate and inhibit catastrophes. It is logical for
physiological regulators of MT polymerization to regu- activation of catastrophe-promoting activity is also re-
quired. Op18/stathmin is known to become phosphory-late the transition rates between growth and shrinkage
rather than growth and shrinkage rates themselves, lated in mitosis (discussed below) and is thus a candi-
date regulated catastrophe factor, but we do not yetsince the spatial distribution and turnover rate of micro-
tubules is more sensitive to changes in the transition know whether phosphorylation effects its activity.
Identification of Op18/stathmin as a negative MT regu-rates (Verde et al., 1992; Gliksman et al., 1993).
The mechanism by which Op18/stathmin destabilizes lator sheds new light on its role in proliferating and
cancerous cells. Op18/stathmin was identified as a pro-microtubules can be partially inferred from its effect
on pure tubulin. Op18/stathmin physically interacts with tein that is highly expressed in acute leukemia (Hanash
et al., 1988) and as a protein that is phosphorylated intubulin dimer as determined by cofractionation on gel
filtration. It increases the catastrophe rate and de- response to external signals (Sobel et al., 1989). It is
phosphorylated in response to agents that promote cel-creases the growth rate of MTs in a concentration-
dependent manner. While an increase in catastrophe lular proliferation (reviewed by Sobel, 1991), and its ex-
pression is increased in proliferating cell types (Row-rate is expected to result from a decrease in growth rate
(Walker et al., 1988), the increase in catastrophe rate lands et al., 1995). Increased Op18/stathmin expression
and phosphorylation in rapidly dividing cells is consis-promoted by Op18/stathmin is greater than that ex-
pected from the decrease in growth rate alone. Compar- tent with our hypothesis that Op18/stathmin is required
for establishment of mitotic MT dynamics. Previousing catastrophes at similar growth rates with and without
Op18/stathmin, the catastrophe rate is 3- to 6-fold studies of Op18/stathmin have identified four sites that
are phosphorylated in vivo. Of these four, S25 was foundhigher with Op18/stathmin (Table 2). The low molar ratio
of Op18/stathmin to tubulin in these assays, with com- to be a very good substrate for MAP kinase and S38 a
good substrate for p34cdc2 in vitro (Marklund et al., 1993;plete inhibition of polymerization occurring at approxi-
mately one molecule per five tubulin dimers, also sug- Beretta et al., 1993). Cell cycle±dependent changes in
MT catastrophe rates are known to be downstream ofgest it is not acting simply by sequestering tubulin
dimers. More precise quantitation of molar ratios will p34cdc2/cyclin B and possibly MAP kinase (Verde et al.,
1992; Gotoh et al., 1991; Verlhac et al.,1994). Thus Op18/require larger amounts of Op18/stathmin, whose con-
centration is difficult to measure accurately due to its stathmin is a plausible downstream effector responsible
for regulating MT dynamics during the cell cycle andlack of aromatic amino acids. We hypothesize that com-
plexes of tubulin dimer with Op18/stathmin act in some perhaps during activation of the MAP kinase pathway
in interphase cells. Expression of Op18/stathmin genesway to trigger catastrophes. Determining the mecha-
nism of this effect will require further kinetic analysis. in which the serines at the 25 and 38 positions have
been changed to alanine results in a block in G2/M withThe effect of Op18/stathmin appears to be different from
that of anti-microtubule toxins such as vinblastine and about two thirds of the cells arresting in G2 and one
third arresting in mitosis. The mitotically arrested cellsnocodazole, since these tend to decrease catastrophe
rates of pure tubulin (Wilson and Jordan, 1995). have condensed chromosomes that appear aggregated
instead of aligned on a metaphase plate (Marklund etThe best characterized example of physiological regu-
lation of microtubule dynamics is the interphase to mito- al., 1994). Antisense expression of Op18/stathmin and
overexpression of Op18/stathmin with all the phosphor-sis transition in Xenopus egg extracts, which occurs by
increased catastrophe rate and decreased rescue rate, ylation sites mutated to alanine result in a similar pheno-
type (Marklund et al., 1994; Larsson et al., 1995; Luo etwith less effect on growth and shrinkage rates (Belmont
et al., 1990; Verde et al., 1992). Immunodepletion of al., 1994). The phenotype of the mitotically blocked cells
is interesting in the context our studies, since we expectOp18/stathmin caused a large increase in the amount
of polymerized tubulin in mitotic asters in Xenopus ex- inhibition of Op18/stathmin function to promote micro-
tubule polymerization and stability. A useful comparisontracts, affecting both the length and density of microtu-
bules (Figures 5c±5e). This is consistent with a decrease is with the effect of taxol, a drug that suppresses MT
dynamics at low concentration and promotes MT as-in catastrophe rate. Immunodepletion of XKCM1 has a
similar effect to immunodepletion of Op18/stathmin, and sembly at high concentrations and that causes a mitotic
block when added to cells. Taxol concentrations thatfor XKCM1, we know the effect was due to suppression
of catastrophes (Walczak et al., 1996). We hypothesize suppress MT dynamics in vitro block cells at metaphase
with chromosomes that fail to align on the metaphasethat Op18/stathmin and XKCM1 act together to promote
frequent catastrophes during mitosis in Xenopus eggs. plate (Jordan et al., 1993). Thus, the mitotic block re-
sulting from Op18/stathmin inhibition is consistent withGiven its conserved sequence and ubiquitous expres-
sion, we hypothesize that Op18/stathmin is a generally a role in regulating MT dynamics in mitosis. The G2
A Regulator of MT Catastrophes
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Protein concentration in crude fractions was measured using Bio-arrest is more difficult to interpret. This arrest suggests
Rad Bradford reagent and in more purified fractions by OD220. Fora checkpoint blocking progression of the cell cycle;
quantitation of gel bands, Coomassie blue±stained gels, which in-however, the known cell cycle checkpoints that monitor
cluded soybean trypsin inhibitor standards, were scanned and ana-
MT assembly respond to absence of proper spindle lyzed with NIH image software.
formation and block exit from mitosis (Murray, 1994).
This suggests that there may be another role for Op18/
Protease Digestionstathmin prior to M phase, or at an as yet unidentified
We thawed 20 ml of 23 C18 purified fraction (20 ml) and diluted itMT-dependent checkpoint.
with an equal volume of AB. We then mixed 9 ml of fraction, or AB
alone, with 1 mg of either a-lytic protease or 1 mg of a-lytic protease
Experimental Procedures that had been preincubated with the inhibitor, 2-aminoethyl benzene
sulfonyl fluoride (AEBSF, Calbiochem). The digestion reactions were
incubated at 378C for 50 min, and 1 ml of AEBSF at 10 mM wasRhodamine-Tubulin Assays
added to samples that did not have AEBSF added at the start.Tubulin and rhodamine-tubulin were prepared according to Hyman
Samples were chilled on ice for 59 and assayed as described aboveet al. (1990) and mixed at a ratio of 4:1 unlabeled to labeled together
or added to SDS sample buffer for electrophoresis.with axonemes and a fraction from calf thymus to a final concentra-
tion of 3.5 mg/ml tubulin and 2 mM GTP in assay buffer (AB), 80
mM K PIPES (pH 7.5), 5 mM MgCl2, 1 mM EGTA at 08C±48C. This Microtubule Dynamics with Pure Tubulinmix (10 ml) was incubated at 378C, and 2 ml aliquots were taken at
Video-enhanced DIC analysis was performed on a Zeiss axioplan15 min and 20 min. These were diluted into 50 ml of 60% glycerol
microscope with a 633 PlanApo 1.4 NA objective, thermostattingand mixed by gently pipetting up and down three times. The mix
the objective and condenser at 35.58C 6 0.58C with circulatingwater.(2.3 ml) was placed on a glass slide, covered with a 18 3 18 mm
Images were collected with a Hamamatsu C2400 video camera con-coverslip, and observed by fluorescence microscopy. One unit of
nected to an Argus 10 image processor, for background subtractionactivity per microliter was defined as the fold dilution of fraction at
and contrast enhancement, and recorded on super VHS tapes.which more than 50% inhibition of MT assembly was observed in
23 C18 fractions (8 U/ml) were diluted 10-fold into a mix of tubulin,this assay. The pH optimum was determined by exchanging the
2 mM GTP, and axonemes in AB. This mixture was kept on ice untilboiled HSS into 80 mM K PIPES, 5 mM MgCl2, 1 mM EGTA at pH
observation. Flow chambers were constructed by placing two stripsincrements of 6.8, 7.1, 7.3, and 7.5 using 1 ml P-4 (Bio-Rad) spin
of double-sided tape on a coverslip and covering with an 18 3 18columns.
mm coverslip. The flow chamber was warmed to 378C, and 10 ml
of tubulin at the same concentration being used in the assay was
Purification flowed into the chamber. This was then wicked out and replaced
Fetal calf thymuses that had been quick frozen in liquid nitrogen with the tubulin, axonemes, GTP, and 23 C18 fraction mixture. The
and shipped on dry ice were purchased from AnTech (Tyler, Texas). chamber was sealed with VALAP (1:1:1 vaseline:lanolin:paraffin) and
Extracts were prepared by breaking up the frozen thymus with a placed on a warmed microscope stage for observation. The MTs in
hammer and homogenizing the frozen pieces in a chilled Waring each flow chamber were observed for approximately 15 min. MT
blender with AB plus 1 mM PMSF plus 0.1% 2-mercaptoethanol growth rates were determined by measuring the length of an individ-
(2-ME) at 1±2 ml per gram of thymus. The crude extract was centri- ual MT at time intervals ranging from 3 s to 20 s when the plus end
fuged in a GSA rotor at 10,000 rpm for 20 min, and the supernatant was clearly in focus. The slope of a line obtained by linear regression
was filtered through six layers of cheesecloth into a chilled beaker. of length versus time was used as the growth rate. The catastrophe
This low speed supernatant was centrifuged at 48C for 4.5 hr at rate was calculated by dividing the total number of catastrophes
50,000 rpm in a Beckman 50.2 Ti rotor or for 18 hr at 19,000 rpm in by the total time MTs were observed in the growth phase.
a Beckman type 19 rotor. The resultant supernatant is referred to
as the HSS in the text.
2-ME was added to the HSS to a final concentration of 1%, and Tubulin Binding
the HSS was placed in a boiling water bath for 20 min. The boiled Tubulin and the 23 C18 fraction were mixed in an equimolar ratio
HSS was cooled on ice and centrifuged for 15 min at 10,000 rpm (150 pmol of each) in 20 ml of AB and incubated for 10 min at 378C.
at 48C. The supernatant was collected, and 5 vol of methanol was This mix was then loaded onto a sizing column (Supelco
added to precipitate the activity. After chilling overnight at 2208C, G3000PWXL) that had been equilibrated with AB, and the column
the protein was sedimented for 15 min at 10,000 rpm at 48C in a was eluted at 0.5 ml/min at 208C. We collected 400 ml fractions and
GSA rotor, and the pellet was briefly dried under vacuum. analyzed 20 ml of each fraction by SDS±PAGE on a 15% gel. Tubulin
The pellet from 25±35 ml of HSS was dissolved in 2±4 ml of water, alone and 23 C18 alone were analyzed in parallel under similar
and trifluoroacetic acid (TFA) was added to a final concentration of conditions. The tubulin preparation was MAP free as determined
1%. The sample was filtered through a 0.2 mm spin filter (Millipore) by Coomassie blue staining of an SDS±polyacrylamide gel.
and loaded onto a preparative C18 column (Vydac 218TP510) that To test binding of the 17 kDa protein to stabilized MTs, we made
had been preequilibrated with 0.12% TFA. The column was washed taxol MTs as follows: 10 ml of 30 mM tubulin and 1 ml of 30 mM taxol
with 0.12% TFA and eluted with a gradient of 25%±35% acetonitrile were incubated for 10 min at 378C, 1 ml of 300 mM taxol was added,
with 0.12% TFA over 40 min at 4 ml/min. Fractions (1.6 ml) were and the mix was incubated for another 10 min. We then added 10
collected, and 350 ml of each was dried overnight under vacuum. ml of 30 mM 23 C18 fraction to the taxol MTs, incubated for an
These dry fractions were dissolved in AB and assayed as described additional 10 min at 378C, layered the mixture onto a 25 ml cushion
above. The activity consistently eluted at 32.5% acetonitrile. Active of 60% glycerol, and sedimented in a TLA 100 rotor for 5 min at
fractions were pooled andrefractionated over the same C18 column. 100 K. The supernatant and pellet were collected and added to SDS
The pooled active fractions from the second C18 column, referred sample buffer for PAGE analysis. To test the effect of preaddition
to in the text as 23 C18 fraction, were dissolved in AB and frozen of the purified fraction, we added 10 ml of 30 mM 23 C18 fraction
in 20 ml aliquots at 2808C. before addition of taxol and incubated for 20 min after addition of
For gel filtration, active fractions from the first C18 column were 300 mM taxol.
pooled, dissolved in a minimal volume of AB, and loaded onto a
sizing column (Supelco G3000PWXL) that had been equilibrated
with AB containing 0.1% 2-ME. The column was run at 0.5 ml/min, Protein Sequencing
The active fraction was separated on a 15% SDS gel and blottedand 200 ml fractions were collected. These were assayed directly
or after concentration in a Millipore 10,000 NMWL Ultrafree-MC filter onto a PVDF membrane. The 17 kDa band was excised and sent to
the Harvard microchemistry facility for sequencing by proteolyticunit. Tubulin, ovalbumin, chymotrypsinogen, and profilin were used
as size standards. digestion followed by mass spectrometry.
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Immunodepletion Experiments cytoplasmic extracts of Xenopus laevis oocytes and eggs. J. Cell
Biol. 105, 2191±2201.Rabbits were immunized with the peptide Ac-CKKKELSLEEIQK-
KLEAAEERRK (residues 41±62 of the Xenopus Op18/stathmin se- Gliksman, N.R., Parsons, S.F., andSalmon, E.D. (1992). Okadaic acid
quence [Maucuer et al., 1993] with the internal cysteine changed to induces interphase to mitotic-like microtubule dynamic instability by
leucine and an N-terminal cysteine added) coupled to KLH, and the inactivating rescue. J. Cell Biol. 119, 1271±1276.
immune IgG was affinity purified on the peptide according to Sawin
Gliksman, N.R., Skibbens, R.V., and Salmon, E.D. (1993). How theet al. (1992). Immunodepletion and assay of mitotic aster procedures
transition frequencies of microtubule dynamic instability (nucleation,were performed according to Walczak et al. (1996), except that the
catastrophe, and rescue) regulate microtubule dynamics in in-high concentration of Op18/stathmin in extracts necessitated use
terphase and mitosis: analysis using a Monte Carlo computer simu-of larger amounts of antibody. Protein A affiprep beads (Bio-Rad)
lation. Mol. Biol. Cell 4, 1035±1050.were saturated with control or immune IgG by adding 20 mg of
Gotoh, Y., Nishida, E., Matsuda, S., Shiina, N., Kosako, H., Shiokawa,antibody/ml beads, incubating for an hour, and then washing. The
K., Akiyama, T., Ohta, K., and Sakai, H. (1991). In vitro effects onbeads bound 12±15 mg of IgG per ml packed beads. For analytical
microtubule dynamics of purified Xenopus M phase±activated MAPimunoprecipitations, 50 ml of coated beads were used per ml of
kinase. Nature 349, 251±254.extract, and for immunodepletions 250 ml/ml. The beads alone have
a significant inhibitory effect on microtubule polymerization, so care Hanash, S.M., Strahler, J.R., Kuick, R., Chu, E.H., and Nichols, D.
was taken to make sure that all the samples and controls in a (1988). Identification of a polypeptide associated with the malignant
given experiment were treated with the same volume of beads. The phenotype in acute leukemia. J. Biol. Chem. 263, 12813±12815.
experiments used frozen CSF extract that had been stabilized with Hirokawa, N. (1994). Microtubule organization and dynamics depen-
50 mM sucrose (Murray, 1991) from three separate preparations. dent on microtubule-associated proteins. Curr. Opin. Cell Biol. 6,
H1 kinase assays were performed according to Murray (1991). For 74±81.
quantitation of the amount of polymerized tubulin/aster, we imaged
Hyman, A., Kellogg, D., Sawin, K.E., Wordeman, L., and Mitchison,asters onto a cooled CCD camera (Princeton Instruments, NJ)
T.J. (1990). Preparation and properties of modified tubulins. Meth.through a 203 dry objective at constant exposure, making sure that
Enzymol. 196, 478±485.the signal (collected as a 12 bit image) was nonsaturating in the
Inoue, S., and Salmon, E.D. (1995). Force generation by microtubulebrightest samples. For each aster, a local background level was
assembly/disassembly in mitosis and related movements. Mol. Biol.subtracted from the fluorescent signal, which in all cases was less
Cell 6, 1619±1640.than 20% of the signal. For printing Figures 5c±5e, the 12 bit images
were converted to 8 bits, taking care to retain the same absolute Jordan, M.A., Toso, R.J., Thrower, D., and Wilson, L. (1993). Mecha-
gray levels between images. nism of mitotic block and inhibition of cell proliferation by taxol at
low concentrations. Proc. Natl. Acad. Sci. USA 90, 9552±9556.
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